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SUMMARY One hundred and three patients who underwent coronary arteriography were studied by
thallium imaging and the results analysed by Bayesian principles to assess the usefulness of semi-
quantitative stress thallium imaging for predicting the presence or absence of multivessel coronary

disease. Significant disease was found in 80 patients, of whom 77 had abnormal thallium scans

(sensitivity 96%). Thallium images were normal in 15 of 23 patients with no significant disease
(specificity 65%). Multiple thallium segmental defects were found to be 900%o sensitive and 65%
specific for multivessel coronary artery disease and were present in 800/o of patients with left main
stem disease and in 93% of patients with triple vessel disease. A single thallium defect or normal scan

excluded multivessel, left main, and triple vessel disease with 81%, 94%, and 91% predictive
accuracy respectively. By Bayesian analysis the predictive accuracy for excluding multivessel disease
was >900/o in patients with a pretest probability of multivessel disease of -40%. Coronary arteriog-
raphy to exclude multivessel disease is therefore unnecessary in a high proportion of patients with
known or suspected coronary artery disease.

The Veterans' Administration' and European Coro-
nary Surgery2 studies have shown that aortocoronary
bypass grafting can reduce the mortality in symp-
tomatic patients with left main stem and triple vessel
coronary artery disease and also in those with double
vessel disease, which includes a long proximal left
anterior descending artery lesion. The Coronary
Artery Surgery Study confirmed the value of bypass
grafting for left main disease even in minimally symp-
tomatic or asymptomatic subjects.3 As a result, coro-
nary arteriography is frequently now performed
expressly to define the likelihood of a patient's prog-
nosis being improved by coronary surgery. It cannot,
however, be performed in all patients with known or
suspected coronary artery disease, and non-invasive
methods to identify patients at high risk are needed.

Stress myocardial perfusion imaging with
thallium-201 is known to be more accurate than exer-
cise electrocardiography for predicting the presence
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and severity of coronary artery disease4 5 and is also
reported to predict accurately the presence of
multivessel disease after myocardial infarction.67
We studied a population with chest pain or with

known ischaemic heart disease who were referred for
evaluation of the presence or severity of coronary
artery disease. We sought to determine whether exer-
cise testing and thallium imaging could predict the
presence of multivessel disease, the prognosis for
which can be improved by surgical revascularisation.
Since the usefulness of any test depends on its predic-
tive accuracy, which in turn depends not only on its
sensitivity and specificity but also on the prevalence of
disease in the populaition under study (Bayes's
theorem),8 we estimated the predictive accuracy of
thallium imaging for different levels of disease preval-
ence.

Patients and methods

The study population comprised 103 patients who
underwent stress testing and thallium scanning within
90 days of selective arteriography for the diagnosis or
evaluation of coronary disease. There were 87 men
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Fig. 1 Diagrammatic representation of the exercise and redistribution myocardial perfusion images as usedfor reporting the
thallium-201 scans.

and 16 women with a mean age of 52a 1 (range 35-72)
years. Patients with valvar or congenital heart disease,
cardiomyopathy, left bundle branch block, or a
pacemaker in situ were excluded. Their drug treat-
ment, which was the same at the time of both stress
tests, consisted of beta blockers in 20, calcium ion
antagonists in 12, long acting nitrates in eight, digoxin
in four, and no treatment in 68.

Fifty four patients had a documented myocardial
infarction or a pathological Q wave in the resting
electrocardiogram or both.9 The remainder had no
evidence of previous infarction. Sixty six (64%,
including 35 patients with myocardial infarction) had
typical symptoms of angina.

EXERCISE ELECTROCARDIOGRAPHY
Treadmill tests with a symptomatic end point were
carried out using a modified Chung protocol.'0 Two
bipolar leads, CM5 (manubrium sterni negative, V5
position positive) and CC5 (right V5 position nega-
tive, V5 position positive), were used for electrocar-
diographic monitoring during and for five minutes
after exercise. The electrocardiographic signal was
analysed by a computer (CASE, Marquette Inc)
which measured the ST segment level digitally. The
mean ST segment level over a distance equal to one
eighth of the RR interval (or 80 ms whichever was the
less), the ST bar, was measured every 12 seconds and
the digital values stored for recall at the end of the
test. An abnormal ST segment response was defined
as ST bar depression of 0.1 mV absolute and relative
to the resting value.

THALLIUM SCINTIGRAPHY
A treadmill exercise protocol identical to that used for
exercise electrocardiography was used for stress

myocardial scintigraphy. At peak exercise 74 MBq of
thallium-201 was injected via an indwelling venous
cannula. Exercise was then continued for a further 30
seconds at a reduced workload. Within 5-10 minutes
of the end of exercise imaging was performed using a
Pho-Gamma II (Searle) scintillation camera with a
high resolution collimator and a 20% window about
the 80 KeV photo peak of thallium-201. Three
hundred thousand counts were acquired in the
anterior, 450 left anterior oblique, and left lateral
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Fig. 2 Relative values of semsitivity and specificity for the
prediction of the presence, location, and number of diseased
vessels by segmental analysis of thallium-201 images. IVD, one
vessel disease, 2VD, two vessel disease; >IVD, multivessel
disease; LM, left main, LAD, left anterior descending; CX,
circumflex; CAD, coronary artery disease; RC, right coronary.
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views. A lead sheet shielded the camera from activity
due to the abdominal uptake of thallium. Redistribu-
tion scans were obtained in the same views 3-4 hours
after exercise. The data were stored on hard disk in a
64x 64 matrix and were analysed by a Gamma 11
computer (Digital Equipment Corp).
The exercise and redistribution scans were analysed

semiquantitatively from the images displayed on the
cathode ray tube by two experienced observers who
were unaware of the results of other investigations.
The images were interpolated to a 128 x 128 matrix,
30% of the lower threshold was subtracted, and nine
point smoothing was carried out. A 15 point colour
scale was used to identify areas with 25% count reduc-
tion relative to the myocardial area of maximal count
density, and these areas were defined as abnormal. To
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detect redistribution of thallium the early and late
scans were compared side by side.
To identify the location of perfusion defects the

thallium images were divided into 12 segments and
scored as shown in Fig. 1. The following myocardial
segments were considered to be supplied by the indi-
vidual major coronary vessels: left anterior
descending, segments 1, 8, 12; circumflex, 5, 6, 9;
and riiht coronary, 3, 4, 7, 10 (Fig. 1). Ateas 2 and
11 were considered non-specific for any coronary ves-
sel and the scans were reported so as to arrive at the
least number of vessels that could account for the
observed defects.

CORONARY ARTERIOGRAPHY
The right and left coronary arteries were selectively
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Fig. 3 Bayesia analysis using the sensitvity and specificity
derivedfrom all 103 paten to estimate te post-test probability
of (a) multivsel disease, (b) triple vessel disease, and (c) left
antrior descending and circwnflex ary stenosis (including left
main stan disease) predicted by iple thalllium vascular
tenitoey defects in populiqon emith different pretestprobabilities
(prealnce) of such disease *-* represents the probability of
disease after a posiive test-that is, >1 thlliwn vascular
teitoiy defect; 0-0 represents the probability after a negative
test-hat is, nonnal thaliwn inage or single thalliwn segmental
defect; A-A represents the difference ofpost-test probability
between the other two cuves (note that the circles and tiangles
represent arbitrary probability valus not actal data points);
--- represents a test with no discraninative ability and the

vertical distance ofthe acvesfon this straight line is an index of
the test's discaiwnative ability.
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Detection of high risk coronary artery disease by thallium imaging

Table 1 Results ofcoronary arteriography in 103 patients.
Figures are numbers ofpatients

Myocardial infarction

Absent Present
(n=49) (n=54)

No significant disease 23 0
Luminal stenosis >70% 26 54
No of diseased vessels:
1 8 9
2 7 16
3 11 29

Location:
Left anterior descending artery 22 45
Circumflex artery 17 44
Right coronary artery 16 37
Left main coronary artery and three 1 8

vessel disease
Left main coronary artery alone 0 1
Left anterior descending and circumflex 15 29

arteries

injected by Judkins's or Sones's technique.
Significant disease was defined as ¢70% stenosis of a

major coronary vessel or ¢ 50% stenosis in the case of
the left main coronary artery. When significant dis-
ease was found in a dominant right coronary artery,
the circumflex artery being rudimentary, or vice
versa, two vessel disease was considered to be present.
The arteriograms were reported independently by a

radiologist and a cardiologist who conferred in cases

of disagreement. The results of thallium imaging did
not influence the decision to perform coronary
arteriography.

ANALYSIS
The findings of thallium myocardial scintigraphy and
stress electrocardiography were compared with the
results of coronary angiography to determine the
ability of the non-invasive tests to detect and identify
the location of significant coronary artery disease.
Sensitivity was defined as (true positives)/(true
positives+false negatives) and specificity as (true
negatives)/(true negatives+false positives). Positive
predictive accuracy is the proportion of positive tests
and negative predictive accuracy the proportion of
negative tests that are correct.
The values of sensitivity and specificity within

groups were compared by means of McNemar's
matched pairs test. Between group comparisons of
sensitivity, specificity, and predictive accuracy were

performed by the probability of a proportion. Values
of p<005 were considered to be significant.

BAYESIAN ANALYSIS
To be of practical use to clinicians the probability of
an individual patient having dIisease in the event of a

positive and in the event of a negative test must be
known. According to Bayes's theorem this post-test

probability of disease depends on the pretest probabil-
ity of disease as well as on the test's sensitivity and
specificity.8 The data from the Coronary Artery
Surgery Study,I' or other sources,8 can be used to
estimate the pretest probability of disease in a given
patient if the age, sex, and type of symptoms are
known. It was assumed that the test's sensitivity and
specificity were independent of disease prevalence.8
The post-test probability of disease can then be
derived from the following equations:

() Pre+(-Pre)/L where P(+) is the post-test
probability of disease when the test is positive; Pre,
the pretest probability of disease; and L, the likeli-
hood ratio (sensitivity/(1-specificity)).

(b) P(-)=Pre (l-p where P(-) is the post-test
probability of disease when the test is negative; and
U, the unlikelihood ratio (specificity/(1-sensitivity)).

Using the values of sensitivity and specificity from
this study P(+) and P(-) were calculated and plotted
on a vertical axis with the pretest probability, range
0-1000/o, on the horizontal axis and the curves so
obtained are shown in Fig. 2.

Results

CORONARY ARTERIOGRAPHY
Significant coronary narrowing was found in all the 54
patients with previous myocardial infarction and in 26
(53%) of those with no evidence of previous infarc-
tion. Six patients had luminal stenoses of <700°-five
in three vessels and one in a single vessel-and 17
patients had no abnormality of the major coronary
vessels. Table 1 shows the results of arteriography.

THALLIUM SCINTIGRAPHY
Figure 3 shows the sensitivity and specificity of thal-
lium imaging for predicting the presence, location,
and extent of coronary artery disease. With an ideal
test for coronary disease all points would lie in the
upper right hand corner of the graph. Of the 80
patients with significant coronary disease, 77 had at
least one myocardial area of diminished (fixed or
reversible) thallium uptake (sensitivity 96%). The
thallium images were abnormal in all 54 patients with
previous myocardial infarction: 17 had fixed defects
only, 29 had both fixed and reversible defects, and
eight had reversible defects only. The thallium
scintigrams were abnormal in eight of the 23 patients
with no significant coronary disease (specificity 65%)
(Table 2), none of whom had a previous myocardial
infarction. Five of these had normal coronary arteries
and three had non-significant disease. In patients with
no previous infarction thallium imaging had a sen-
sitivity of 88%, a specificity of 65%, a positive predic-
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tive accuracy of 74%, and a negative predictive accu-
racy of 83%.

Redistribution of thallium between the early and
late scans was seen in 55 patients with coronary dis-
ease. The proportion of those with infarction (37 of
54) and with no infarction (18 of 26) was the same

(69%). Redistribution was seen in only three patients
(with normal coronaries) out of 23 with no significant
arteriographic disease (specificity 87%).

Prediction of individual coronary vessel disease
The sensitivity of segmental thallium uptake defects
for detecting individual vessel disease was 91% for
disease of the right coronary artery compared with
77% for the left anterior descending artery (p<0O05)
and 76% for the circumflex (p<0O05 vs right coronary;

NS vs left anterior descending) (Fig. 3). The
specificity of segmental thallium defects was 88% for
circumflex disease, 690/o for the left anterior descend-
ing (p<005), and 50%/o for the right coronary (p<001
vs circumflex). The specificity of left anterior descend-
ing and right coronary defects did not differ
significantly.

In patients with single vessel disease the values of
sensitivity and specificity for each coronary vessel
were: left anterior descending, 10/11 (91%) and 1[6
(17%); circumflex, 1/2 (50%) and 10/15 (67%); and
right coronary, 3/4 (75%) and 3/13 (23%) respectively.

Prediction of the number of diseased vessels
Table 2 shows the numbers of patients having one,
two, or three thallium vascular segmental defects and
their arteriographic classification. A minority of
patients in each arteriographic group was correctly
classified by thallium imaging. As plotted in Fig. 3,
the specificity of thallium prediction for one and three
vessel disease was high, but for two vessel disease it
had no useful predictive ability. Eight of the 10
patients with single vessel disease but multiple thal-
lium segmental defects had <70% stenoses in at least
one other major coronary vessel.

Left main stem disease
Nine of the 10 patients with left main coronary artery

O'Hara, Lahiri, Whittington, Crawley, Raftery

disease had triple vessel disease in addition. Three of
these were correctly identified by thallium defects in
three coronary vessel regions (sensitivity 300/o, Fig. 3).
A further three had defects in the territories of the left
anterior descending and right coronary: one had cir-
cumflex and right coronary defects, one an isolated
right coronary defect, and one a normal thallium scan.

One patient with previous infarction had isolated left
main stem disease and had thallium defects in the
territories of the left anterior descending and right
coronary arteries.

Fifty four patients had left main coronary artery
disease or combined disease in the left anterior
descending and circumflex arteries. Twenty nine of
these had thallium uptake defects in the correspond-
ing myocardial segments (sensitivity 54%). The
specificity of combined left anterior descending and
circumflex defects was 42/49 (86%). The positive and
negative predictive accuracies were 81% and 63%
respectively.

Multiple segmental thallium defects and multivessel
disease
Using the criterion of thallium defects in more than
one vascular territory the sensitivity for detecting high
risk coronary disease was high, but the specificity was
moderate (Table 3). Of 18 patients with normal thal-
lium images, only one had multivessel (left main stem
and triple vessel) disease-that is, the predictive accu-
racy of a normal scan for the absence of multivessel
disease was 17/18 (94%).

EXERCISE ELECTROCARDIOGRAPHY
The sensitivity and specificity of 0-1 mV ST segment
depression for detecting coronary artery disease in
patients with no previous infarction were 18/26 (69%)
and 15/23 (65%) respectively (both NS vs thallium
imaging). The sensitivity of ST segment depression
for the detection of multivessel disease was 62%, for
three vessel disease 600/o, and for left main disease
50%. Thus in this study two lead stress testing was no

more sensitive for detecting serious multivessel
disease than for detecting coronary artery disease in
general.

Table 2 Prediction ofnumber ofdiseased coronary vessels by thallium imaging. Figures are numbers ofpatients

No of diseased vessels by thallium imaging Total

0 1 2 3

No of diseased vessels by angiography:
O* 15t 4 4 0 23
1 2 5t 8 2 17
2 0 3 9t1 11 23
3 1 2 19 18t 40

Total 18 14 40 31

*Includes six patients with non-significant disease (<70% luminal stenosis).
tNumber of patients correctly classified by thallium-201 imaging.
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Detection of high risk coronary artery disease by thallium imaging

Table 3 Multvessel cronary disease prediction by thalliwn defects in more than one vessel's temtory (n=103). Figures are numbers (%/o)

Sensitivity Specificity Positive predictive Negative predictive
accuracy accuracy

Left main disease 8/10 (80) 30/93 (32) 8/71 (11) 30/32 (94)
Left main disease or left anterior 49/54 (91) 27/49 (55) 49/71 (69) 27/32 (84)

descending and circumflex artery disease
Three vessel disease 37/40 (93) 29/63 (46) 37/71 (55) 29/32 (91)
More than 1 vessel disease 57/63 (90) 26/40 (65) 57/71 (80) 26/32 (81)

Using the criterion of either an abnormal thallium
image or an abnormal ST segment exercise response

for a positive test the sensitivity for the detection of
coronary artery disease was 88% (NS vs thallium and
vs ST alone) but the specificity was 35% (p<005).
Defining an abnormal test as one in which both the
thallium scan and the ST segment exercise response

were abnormal gave a lower sensitivity (62%, p<005,
vs thallium alone), but the specificity increased to 96%
(p<0-05 vs thallium alone). Thus combined analysis
yielded an improvement in specificity only at the cost

of a loss of sensitivity, and in this study there was no

significant improvement of predictive accuracy.

BAYESIAN ANALYSIS
When the criterion of multiple segmental thallium
defects was used to construct curves relating pretest
and posttest probabilities of high risk coronary artery
disease (Fig. 2) a relatively low increment of probabil-
ity of disease with a positive test was noted at all
disease prevalence levels, which is in keeping with the
low specificity. The value of a negative test for exclud-
ing multivessel disease was high owing to the test's
high sensitivity. In populations with a pretest proba-
bility of high risk disease of -300/o a negative test
reduced the post-test probability to s5% for multi-
vessel, left main, and triple vessel disease.

Discussion

While the value of aortocoronary bypass surgery for
the relief of intractable angina is not disputed its effect
on life expectancy in patients with coronary artery
disease is more controversial. 12 The Veterans
Administration' and European Coronary Surgery2
studies have reported an improvement in prognosis in
certain categories of patients treated surgically com-

pared with controls. These categories were defined in
terms of coronary anatomy, and, therefore, although
we have to rely on the results of these two studies
when deciding for or against coronary surgery, the
non-invasive tests used to detect coronary artery dis-
ease must be compared with coronary arteriography.
Exact agreement between the results of thallium imag-
ing or stress electrocardiography and coronary

arteriograpy is not to be expected since the non-
invasive methods give functional as opposed to
anatomical information about the myocardium. Both
non-invasive methods probably have a prognostic
value independent of the arteriographic findings.' 3- I I

We have evaluated the accuracy of planar
thallium imaging for the detection or exclusion of
multivessel disease, for which coronary bypass surgery
is thought to improve the prognosis. We sought to
determine whether coronary arteriography can be
avoided in some patients and whether the addition of
ST segment analysis can improve the accuracy of
thallium imaging alone.

Stress thallium-201 scintigraphy has been shown to
be more accurate than stress electrocardiography for
detecting obstructive coronary artery disease.4 We
found semiquantitative thallium imaging to be highly
sensitive (88% in patients with no previous infarction,
96% overall), a value which corresponds with the 82%
average of studies cited by Okada et al,4 which used
subjective visual interpretation, and is comparable to
the sensitivity reported with quantitative thallium
image analysis. 16 17 The sensitivity of perfusion
scintigraphy in this study was probably enhanced by
the definition of significant coronary disease as ¢70%
luminal stenosis. Moderate (50-70%) stenoses are
more frequently associated with a normal perfusion
pattern. '' Furthermore, there was a high prevalence
of multivessel disease-63 of 80 (79%) patients-for
which thallium imaging is more sensitive than for less
extensive disease.'8
The specificity of thallium imaging in this series

(65%) is lower than in most reported studies. The
choice of 700/o stenosis as significant may have contri-
buted to this. Three of the six patients who had coro-
nary narrowing of <70% luminal diameter had
abnormal thallium scans, which may indicate that
these lesions were haemodynamically significant.
Angiography frequently underestimates the true
extent and severity of coronary disease and, in the
range 25-700/o stenosis, is subject to considerable
interobserver variability. 19 20
We found that disease of the right coronary artery

was most readily detected (91%) followed by left
anterior descending (77%) and circumflex disease
(76%). Massie et al found similar values of sensitivity
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and concluded that the severity of vessel stenosis was identifiable defects.23 24 Similarly, the finding of only
the most important factor determining the sensitivity one segmental defect in two patients with triple vessel
of thallium imaging for detecting individual vessel disease may imply that only the area of greatest
disease.2' Maddahi and colleagues report that quan- hypoperfusion was identified or that collaterals were
titative thallium analysis affords a small, but impor- preserving perfusion to other regions.
tant, improvement in identifying diseased vessels, When multivessel disease coexists with myocardial
which may be valuable in evaluating the functional infarction thallium imaging may be used to assess the
significance of coronary stensosis in the 50-700/o presence of reversible ischaemia in the non-infarcted
range.'7 As noted by others, thallium imaging was a areas. Revascularisation of jeopardised myocardium
poor predictor of the number of diseased vessels,2' 22 may be very important in patients with previous
and this may be due to the variability of coronary infarction since preservation of left ventricular func-
vessel dominance, especially in the inferior wall of the tion may benefit their prognosis.27
left ventricle. According to Bayes's theorem the predictive value
The value of segmental analysis of thallium uptake of an inaccurate test depends on the prevalence (or

for the prediction of multivessel coronary artery dis- pretest likelihood) of disease in the population under
ease has been questioned.2'-25 Lenaers et al reported study as well as on the test's sensitivity and specificity,
that 52/o of patients with scintigrams suggesting and the latter were assumed in this study to be inde-
single vessel disease had multivessel disease.23 McKil- pendent of disease prevalence. This assumption may
lop et al also concluded that semiquantitative thallium be questioned, as thallium imaging might be more
imaging could not help in identifying patients with sensitive in a population with a high prevalence of
high risk coronary disease who might benefit from coronary artery, and thus multivessel, disease.'8 The
surgery.24 Maddahi et al reported that a higher prop- utility of our Bayesian approach can, however, be
ortion of coronary lesions in patients with triple vessel judged only by testing it prospectively in a new popu-
disease was detected by quantitative thallium imaging lation of patients. When Greenberg and colleagues
than by visual interpretation (83% vs 53%).'7Gewirtz evaluated exercise testing in this way they found
et al also reported an improved lesion detection rate Bayesian analysis to be equally as accurate as discri-
with quantitative analysis, but the sensitivity for minant function analysis28 (which does not assume
detecting patients with triple vessel disease was independence of test sensitivity and disease preval-
increased only from 33% to 48%.26 ence).
The sensitivity and specificity for detecting left Inaccurate tests are of limited value in patients with

main, triple vessel, and multivessel disease by corres- a pretest likelihood of disease >900/o or <100/o. When
ponding segmental thallium defects in our study (Fig. the values of sensitivity and specificity obtained in this
3) do not differ appreciably from those reported by study were used to calculate the post-test probability of
others. Sensitivity for detecting high risk coronary multivessel disease in populations with different pre-
artery disease was increased by using the criterion of test probabilities, we found that a negative test
multiple segmental defects. This results in a loss of excluded multivessel coronary artery disease with
specificity, but may be justified on the basis of the >900/o probability if the pretest probability of multi-
variability of predominance of the right and left coro- vessel disease was <400%o (see Fig. 2). Data from the
nary circulations and by our knowledge of the prog- Coronary Artery Surgery Study indicated that approx-
nostic significance of multiple perfusion defects.'4'5 imately half the patients with no previous infarction
The finding of multiple defects in 10 of our patients undergoing coronary arteriography fell into this

with single vessel disease implies that the stenoses of category." The pretest probability of left main or
<700/o in other vessels (in eight patients) were triple vessel disease was less than 400/o in over 700/o of
significant or that extensive myocardium was jeopar- patients undergoing coronary arteriography in this
dised by disease in one major coronary vessel (in two study." Thus the need for arteriography as a guide to
patients). Compared with a single defect or normal prognosis can be avoided in a high proportion of
thallium scan, even in patients with angiographic patients presenting for investigation of chest pain.
single vessel disease, multiple thallium defects predict We used two bipolar leads, CM5 and CC5, a com-
future cardiac events, both in patients presenting with bination reported to be as sensitive and specific as
chest pain'4 and after myocardial infarction.'5 multiple lead systems for detecting coronary artery

In this study three patients with triple vessel disease disease.29 In this study, however, the sensitivity and
had either a normal thallium scan (one patient) or only specificity of ST segment displacement during exer-
one segmental defect (two patients). Diffusely cise were only 690/o and 65% respectively in patients
decreased myocardial perfusion as occurs with severe without previous myocardial infarction. The addition
three vessel disease can result in an image with of ST segment analysis did not improve the predictive
homogeneously decreased thallium uptake but no accuracyof thallium imaging.
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Detection of high risk coronary artery disease by thallium imaging

The finding that in patients with a high prevalence
of multivessel coronary artery disease high risk
disease can be excluded with confidence by means of
stress thallium imaging suggests that in a less selected
population a normal thallium scan or single perfusion
defect indicates the absence of multivessel disease and
renders coronary angiography for prognostic purposes
unnecessary.
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